Introduction
Past research has demonstrated that grazing animals substantially alter the physical and chemical properties of the soil, accelerate erosion, promote compaction, reduce the volume of pore space, influence the velocity decrease of water flow and modify the balance of nutrients. Grazing animals also reduce the organic matter content, promote diversity loss and decrease the soil fertility (La Scala et al., 2012) . Due to these effects, over the research paper
Influence of livestock systems with live fences of Gliricidia sepium on several soil properties in Tabasco, Mexico past several decades, there has been growing interest in the role of trees and the ecological services they can provide, both above and below ground, in livestock landscapes (Graham et al., 2004) . It has been reported that trees are capable of modifying the physical and chemical characteristic of soils. When plant structures (roots, stems, leaves and tree trunks) die and fall to the ground, they enter the humidification process of decomposition, whereby over time, organic matter content, cation exchange capacity and the availability of N, P and K all increase to help curtail land degradation (Manning et al., 2006) .
In the state of Tabasco, Mexico, live fences in livestock systems (LSLF) are the most common form of tree cover along rural landscapes, particularly in regions where many tropical forests have been cleared to make way for livestock pastures. The use of live fences is the most popular strategy for introducing trees to livestock systems and is mainly used to define cattle ranch boundaries, divide pastures and define paths that cross fields. Maldonado et al. (2008) stated that the LSLF includes more than 100 species of trees, with cocoíte (Gliricidia sepium (Jacq.) Kunth ex Walp., palo mulato (Bursera simaruba L. Sarg.) and mote (Erythryna americana Mil.) among the most important species. The LSLF also consists of timber species, such as cedar (Cedrela odorata L.), macuilís (Tabebuia rosea Bertolt. A. DC.) and ceiba (Ceiba pentandra L. Haertn.), and non-timber species, such as palo tinto (Haematoxylum campechianum L.), coconut (Cocos nucifera L.), zapote de agua (Pachira aquatic Aubl.) and various fruit trees. Of these tree species, G. sepium is the most widely used multipurpose native legume. Farmers prefer this species because of the following factors: it is relatively straightforward to plant and manage, easily forms roots from cuttings, displays rapid initial growth and regrowth after intense pruning, tolerates prolonged drought, provides good quality live fence posts, and provides nutritious fodder supplement for cattle and fruit during pruning. Moreover, when live fences are used instead of dead timber posts, fencing costs are reduced by approximately 50%, and live fences last many years (Carvajal, 2005) . Other advantages of the LSLF often not perceived by farmers include the following: 1. G. sepium increases the soil nitrogen (N) content through biological fixation undertaken by microorganisms of the genus Rhizobium (Berninger and Salas, 2003) ; 2. The LSLF alleviates pasture degradation; 3. The LSLF promotes biodiversity conservation; 4. The LSLF facilitates natural regeneration of trees; 5. The LSLF increases forest patch connectivity by acting as a biological corridor; and 6. Despite the importance of the LSLF in Tabasco, few studies have considered the role of these systems in improving the soil properties, particularly in livestock systems. Therefore, the aim of this study was to evaluate the effect of the LSLF composed of G. sepium trees associated with signal pasture (Brachiaria decumbens Stapf), on several physical and chemical soil characteristics.
Materials and methods

Study area
This study was conducted in a mountainous region within the municipality of Tacotalpa, Tabasco, Mexico (Figure 1 ). This region is much more mountainous and consequently experiences higher rainfall than the rest of the state. It is located in the south of the state, between 17° 15´ and 17° 45´ N and 90° 38´08" and 93° 46´, and is bordered by the municipalities of Centla and Centro to the north, the state of Chiapas to the southwest, and the municipality of Macuspana and the state of Chiapas to the east (INEGI, 2009) . The region experiences a hot, wet climate, with high temperatures and rainfall throughout the year (Af (m) w"(i´) g, according to the Köppen climatic classification, modified by García, 1988 
Sampling design and plot distribution
Three farms were selected for each of the livestock production systems. In each farm, a fence was selected from which three plots were randomly allocated. In both livestock systems, plots measured 600 m 2 (30 x 20 m). In the LSLF, the plots covered both sides of the fence; three sampling areas were located on each side as follows: 1. Beneath the tree canopy (0 to 3 m from the fence); 2. On the canopy border and outside the canopy border (3 to 6 m from the fence) and; 3. Outside the tree canopy (6 to 9 m from the fence) (Figure 2 ). In the case of the LSPM, as most of the ranches are located in the front section abutting the road, the plots only covered the interior part of the farm. As in the LSLF (Figure 2 ), three sampling areas were used. In each sampling area of both systems, three 3 x 3 m sub-plots were randomly allocated at 1.5, 4.5 and 7.5 m from the (Grande et al., 2010) . AU= animal unit per hectare. performed using the software Statistica version 8.0 for Windows (StatSoft, Inc. Tulsa, Oklahoma, USA). To test for significant differences in the means, we used Tukey's test at 95% probability.
Results
The results of the multivariate analysis show that there was a significant effect of the system and soil sampling depth. The soil pH and bulk density (7.5 and 1.5, respectively) were higher (F= 46.9, P≤0.01; F= 191.75, P≤0.01) in the LSPM than in the LSLF (7.2 and 1.3, respectively). However, the soil silt content was 5% higher (F= 16.812, P≤0.01) in the LSLF (Figure 3 ) than in the soil of the LSPM. The sand and clay proportions, OM, C, and N contents were similar between systems (P>0.05; Figure 3 ). In addition, the effect of the interaction between systems and soil sampling depth was not significant (F= 1.25, P>0.245).
When the effect of depth in the two livestock systems was analyzed, we found that the LSLF resulted in greater (F= 2.97; P≤0.05) concentrations of OM, C and N in the upper strata (0-10 cm) than in the remaining strata (20-30 cm and 10-20 cm). The proportion of sand was greater in the upper strata (F= 16.42; P≤0.01), whereas the bottom strata (20-30 cm) displayed the highest proportion of clay (F= 9.79; P≤0.01). At different soil depths, the proportion of silt, soil bulk density and pH were similar (P> 0.05; Table 2 ). The LSPM resulted in a lower (F= 2.8; P≤0.06) pH and a higher (F= 3.44; P≤0.03) concentration of OM in the upper strata (0-10 cm). However, the strata depths of 10-20 cm and 20-30 cm presented the highest proportions of clay (F= 7.99; P≤0.04). The soil bulk density, C and N contents and soil silt proportions were similar among soil strata (P> 0.05; Table 2 ).
Moreover, when the effect of sampling distance in the LSLF was analyzed, we found that the OM, C and N contents were greater (F= 3.51; P≤0.03) at a distance of 3-6 m from the live fences than fence, respectively. All plots were fenced 30 days before the start of the experiment (December 2011) and at the end of the experiment (December 2012) to prevent damage by cattle.
Soil sampling and analysis
Soil samples were collected in the sampling areas within each sub-plot and land use system. In total, 30×30×30 cm pits were dug within each sub-plot; soil samples were obtained at different strata within the sub-plots (0-10, 10-20 and 20-30 cm) and kept in plastic containers. In each sub-plot, samples from the same soil stratum were pooled. The soil was mixed until reaching a uniform color, followed by removal of a 500 g sub-sample that was placed into tagged plastic bags. All pooled samples were dried in the shade at room temperature before being ground a to 2-mm particle size. The dry combustion method was used to determine the organic matter (OM) content; soil pH was determined using a 1:1 relationship with water, and nitrogen (N) content was determined using the normal Kjeldahl method (Sparks et al., 2007) . The texture was determined using a hydrometer method, and the bulk density (BD) was estimated by collecting a known volume of soil using a metal ring pressed into the soil (intact core), and determining the weight after drying (McKenzie et al., 2004) ; to estimate the C content in the OM, the factor 1.72 was used (Campbell et al., 2010) .
Statistical analysis
A completely randomized design was used with a 2 x 3 x 3 factorial arrangement. We analyzed the influence of the livestock systems (LSLF and LSPM), soil strata (0-10, 10-20 and 20-30 cm) and the interaction of both factors using a multivariate analysis of variance. In addition, we performed analysis of variance to determine the effect of distance sampling in the LSLF (0-3, 3-6 and 6-9 m). The measured soil variables were as follows: pH, BD, contents of C, OM and N, and texture. The statistical analysis was at a distance of 0-3 m and 3-9 m. Furthermore, the pH, soil bulk density and the proportion of sand, silt and clay were not influenced by sampling distance from the live fences (Table 3) .
Discussion
The results show that the LSLF from G. sepium trees improved certain physical and chemical soil characteristics. The soil pH in these livestock systems was close to neutral (7.2), particularly in the upper strata (0-10 cm), which favors a better biological system because the conditions of nutrients are favorable without being extreme, and the assimilation of phosphorus is at maximum. The almost neutral soil pH may be due to a higher content of OM or the initial N content in the original plant material associated with the formation of NH4 + , which consumes protons (Wong et al., 2000) . It may also be because the OM of the soil has carboxylic and phenolic groups that behave as weak acids and tend to decrease the soil pH (Martínez et al., 2008) . This same author noted that in almost neutral soils or soils that have high amounts of carbonates and bicarbonates, the soil pH decreases by increasing the partial pressure of CO 2 in the soil atmosphere. The CO 2 from the atmosphere combines with water and forms carbonic acid, which generates the disassociation of H + and acidifies the soil. A neutral pH increases the solubility of various nutrients (Martínez et al., 2008) , promotes microorganism activity and, consequently, improves soil quality, which has been shown by other authors (Dube et al., 2012) as being essential for adequate grass and tree growth. G. sepium trees in the livestock systems may increase the soil N content through Furthermore, in the LSLF, G. sepium trees use their roots to recover soil nutrients from within deep strata, which is an action that more superficial grass roots are unable to achieve (Schoeneberger, 2008) . In addition, high amounts of soil OM were associated with the G. sepium trees in the live fence systems; the tree litter eventually decomposes and releases available plant nutrients into the pasture agro-ecosystems (Graham et al., 2004; Klein et al., 2008) . In addition, the shadow generated by the presence of trees in the LSLF G. sepium contributed to lower soil temperatures below the projection of the crown, and the relative humidity and soil moisture was most likely higher than in the soil of the LSPM. These adequate humidity conditions allow nutrients to remain available to plants that can utilize them efficiently for growth. These nutrients eventually return to the soil through cycling, thus promoting optimum physical and chemical soil characteristics (Oelbermann et al., 2006) .
By contrast, the soil in the LSPM presented a pH of 7.5, which shows the importance of trees to increase the OM content and yield more neutral pH levels in pastures. Past studies have shown that soils with a pH higher than 7.5 could affect soil microorganism activity, and consequently, pasture development, particularly in grass species with radical growth deeper than 10 cm (Graham et al., 2004) . However, in the present study there were differences between the evaluated livestock systems; the pH was higher than reported by Matos et al. (2012) for a silvopastoral system of apple trees associated with Dactylis glomerata grass. This system presented a pH of 5 in the upper 0-20 cm strata compared with a pH of 6.3 for the same soil strata in a monoculture crop system. This difference suggests that G. sepium trees in the LSLF in the current study are capable of decreasing the soil pH toward a more neutral pH.
The soil BD at different soil strata and distances from the fence was higher in the LSPM than in the LSLF (Tables 2 and 3 ). In both systems, the BD was within the 1.1 to 1.6 g cm -3 range, which indicates that both systems have a medium soil texture with low porosity and compaction and favorable physical conditions for plant growth (Sánchez et al., 2003; Pajares et al., 2010) . The low values found in the LSLF could be associated with many factors such as poaching (soil damage from heavy livestock feet), higher contents of OM, high soil and air humidity (Matos et al., 2012) , the amount, size and distribution of tree roots, as well as the amount of herbaceous roots, which favor soil microorganism development and modify soil texture and soil management (Manning et al., 2006) . Carter (2002) reported that maintaining adequate levels of OM helped to decrease the BD and resistance to soil compaction. In Guatemala, Schmitt et al. (2012) found a soil BD range of 0.5 to 1.0 g cm -3 and 0.2 to 0.55 g cm -3 in a coffee agroforestry system and forest ecosystem, respectively. Matos et al. (2012) reported soil BD values of 1.3 and 1.5 g cm -3 for the strata depths of 0-10 and 10-20 cm, respectively, in a silvopastoral system of apple trees associated with D. glomerata grass and 1.4 and 1.7 g cm -3 for the strata depths of 0-10 and 10-20 cm, respectively, in a grass monoculture and farmland. Howard and Singer (1981) found that the BD in forest soils ranged from 0.51 to 1.49 g·cm -3
. Sánchez et al. (2003) reported a BD close to 1.22 g·cm -3 in sugar cane soil, similar to that found in pasture soils, and 1.02 g·cm -3 in forest soils. These studies provide sufficient evidence to suggest that trees help reduce soil compaction in a large variety of production systems.
In the LSLF, the OM, C and N in different strata and at specific distances from the fence were positively influenced by G. sepium trees that formed the live fences. This study revealed that the highest OM, C and N contents were recorded in the soil upper stratum (0-10 cm) at a distance of 3-6 m from the fence; the stratum depths of 20-30 cm and 0-3 m from the fence presented intermediate values, whereas the lowest values were recorded in the strata depth of 10-20 cm at a distance of 6-9 m from the fence (Tables 2 and  3 ). This is in agreement with Dube et al. (2012) ; the authors found 9.8% and 4.4% of soil C content at the 0-5 and 5-20 cm soil strata, respectively, in monoculture pastures. The soil OM content has an important role in the development of soil structure as it acts as a attractant for soil particles, thus increasing the soil structure stability by increasing organic-mineral aggregates. In addition, it also improves water infiltration into the soil. A high soil OM content increases the amount of interchange cations that act as a link between clay and OM. In a previous study, the high soil OM content was most likely associated with the high availability of nutrients such as N, soil type, grass physiological stage, as well as the length of the dry and wet seasons (Moya et al., 2010) . This suggests that in addition to improving the chemical soil properties, G. sepium trees in livestock systems also improve the physical soil characteristics and, when associated with grasses, possess a high potential to increase the C and N content.
Furthermore, G. sepium trees have the potential to increase the C and N concentration by 20 to 100% through the action of N fixing organisms (Schoeneberger, 2008) . It is hypothesized that the high OM, C and N content in both the upper (0-10 cm) soil stratum and at 3-6 m from the live fences could be associated with the high amount of decomposing litter and woody stems, litter, and dead grass roots, as well as the increased microbial population due to the humidity generated by tree shade. These factors are important for efficient water and nutrient uptake from the upper stratum, which are usually characterized by OM accumulation and relatively large amounts of available nutrients (Tapia et al., 2005) . Clay soils have a high capacity to accumulate C because mineral clay stabilizes and accumulates OM.
Regarding the LSPM, the high OM, C and N soil contents found in upper soil strata (0-10 cm) were reduced in the lower strata (Table 2) . Soto et al. (2010) reported similar findings for different agroforestry systems: traditional milpa with trees, taungya, natural secondary vegetation and enriched secondary vegetation, grasslands pastures with live fences, pastures without trees, and pastures with dispersed trees, in the state of Chiapas, Mexico. The high concentration of nutrients in the upper strata (0-10 cm) of pasture soils is most likely a result of high root content in this stratum. These roots experience a low rate of decomposition because of their high fiber content; however, they also have a short life cycle that allows the frequent incorporation of dead material into the soil and therefore the formation of a soil profile with a high OM content.
In both livestock systems, soil texture changes were due to differences in the sand and clay proportions in all the strata (Table 2 ). The highest proportion of sand was found in the upper soil stratum (0-10 cm), whereas the highest clay content was found in the 20-30 cm stratum. The high sand content in the upper stratum indicates high porosity in this part of the soil. A combination of high sand and OM content facilitates the movement of air and improves the soil structure and water infiltration, thus helping prevent detrimental soil waterlogging and flooding. Under this scenario, the problems of soil compaction would most likely be minimal or even non-existent throughout the year. Clay is relatively impermeable; therefore, a high proportion of clay found at the bottom stratum, rather than closer to the surface, also helps to hold water, prevent soil waterlogging, increase surface runoff, decrease flooding and protect soil organic matter in pastures (Pajares et al., 2010) . Each clay particle has negative electric charges on its outer surface that attract and reversibly bind cations. Many cations such as potassium (K + ) and magnesium (Mg ++ ) are essential for plant growth and are retained in the clay soil particles. The results recorded in the present study differ from those reported by Matos et al. (2012) , who found a higher proportion of sand (86.7 vs 81.5%) but a lower proportion of silt (3.0 vs 3.9%) and clay (10.2 vs 14.6%) in silvopastoral systems, grass monocultures and crop fields, respectively. However, the proportions of silt (44%) and clay (32%) are similar to those reported by Moya et al. (2010) in forest systems. It is worth emphasizing that although the proportions of sand, clay and silt in soil from the LSLF were not significantly affected by distance from the fence, the sand and clay proportions were higher at 3-6 m and the proportion of silt was highest at 0-6 m from the fence. This suggests that clay content increases with distance from the fence.
The chemical and physical soil properties in live fence livestock systems formed by trees of G. sepium showed a different behavior than in pasture monoculture livestock systems. The pH in the livestock systems with live fences was closer to neutral, the soil was less dense and there was a greater proportion of silt. Livestock systems with live fences showed significant effects on certain soil chemical and physical properties, both horizontally (30 cm soil depth) and vertically (up to 6 feet away from the fence). These changes, instigated by livestock systems with live fences, were due to higher OM, C, N contents, as well as optimal pH values, soil bulk density and sand and clay proportions for pasture and tree development. By contrast, the livestock system in a monoculture pasture of B. decumbens was more vulnerable to negative changes in soil characteristics; this was possibly due to trampling and the absence of tree sources of nitrogen-rich organic matter, which could help improve soil fertility and structure.
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